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al., 2002). This discrepancy may be due 
to differences in targeting signals in their 
N-terminal regions, which are completely 
different.
This analysis is not comprehensive. 
Some unknown proteins that were anno-
tated as not having a mitochondrial 
localization may have been missed, and 
there may be classes of MBOMPs with-
out β-signals or that, like Mmm2, have 
β-signals distal from the C terminus. 
Nevertheless the process we describe 
finds 80% of known MBOMPs but only 
identifies one new candidate out of 2133 
homolog clusters. We propose that the 
β-signal is found in all known MBOMPs 
and that there may be few MBOMPs 
remaining to be discovered.
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Wimley, W. (2003). Curr. Opin. Struct. Biol. 13, 
404–411.The outer membranes of mitochondria, 
chloroplasts, and Gram-negative bacteria 
contain abundant β-barrel proteins that 
are essential for the transport of proteins 
and metabolites. Identification of the mito-
chondrial sorting and assembly machin-
ery (SAM complex) revealed a new protein 
import pathway and sparked interest in 
mitochondrial β-barrel biogenesis. A cen-
tral SAM component, Sam50, is conserved 
from bacteria to humans and a related pro-
tein is also found in chloroplasts, implying 
a conserved mechanism of β-barrel sort-
ing in eukaryotes and prokaryotes (Pfan-
ner et al., 2004; Paschen et al., 2005; 
Dolezal et al., 2006; Bos et al., 2007). How-
ever, the other three SAM subunits have 
no homologs in bacteria or chloroplasts, 
and analysis of the bacterial β-signature 
sequence did not lead to the identifica-
tion of a similar mitochondrial signal. In our 
Cell paper (Kutik et al., 2008), we identified 
the sorting signal of mitochondrial β-barrel 
proteins in yeast and unexpectedly found 
that Sam35 functions as a receptor for the 
β-signal (Kutik et al., 2008).
In their Correspondence, Imai et al. 
report a detailed bioinformatics analy-
sis of mitochondrial β-barrel proteins 
using the information derived from the 
β-signal. They propose a refinement 
of the β-signal by inclusion of a further 
hydrophobic residue in the motif. We 
experimentally demonstrated that four 
conserved residues of the β-signal are 
critical for its function, yielding the motif 
Po.G..Hy.Hy (Po, large polar residue; G, 
glycine; Hy, large hydrophobic residue) 
(Kutik et al., 2008). The glycine residue is 
present in all known β-signals, whereas 
the other three residues are conserved in 
the vast majority of species. The amino 
acid following glycine is usually hydro-
phobic in most species, and so Imai et 
al. propose inclusion of this residue in 
a motif Po.GHy.Hy.Hy. However, at this 
position small hydrophobic residues like 
alanine are also found, and we experi-
mentally demonstrated that replacement 
of the large hydrophobic residues in the 
C-terminal portion with alanine inhibits 
the function of the β-signal (Kutik et al., 
2008). Thus the motif Po.GHy.Hy.Hy pro-
posed by Imai et al. (Hy, all hydrophobic 
residues) is inaccurate. It will be critical 
to discriminate between large and small 
hydrophobic residues, that is, the motif 
could be Po.Ghy.Hy.Hy (hy, hydropho-
bic residue; Hy, large hydrophobic resi-
due). A detailed experimental analysis as 
performed for the other residues will be 
needed to validate this refined motif.
Imai et al. note that the polar residue 
is not present in all β-signals as there is 
one example (Mdm10 in Schizosaccha-
romyces pombe) out of more than 50 
β-signals with a hydrophobic residue at 
this position. This variation was already 
pointed out in our Kutik et al. (2008) 
paper. Given that the polar residue is 
highly conserved (>98% conserved in 
all known β-signals) and that we experi-
mentally demonstrated its importance in 
Saccharomyces cerevisiae, we think this 
residue should remain in the β-motif. Imai 
et al. also propose that two more pro-
teins, Mmm2 and Uth1, contain β-signals 
and should be included in our list of 
β-barrel proteins imported into mito-
chondria. These suggestions are valu-
able yet require experimental validation. 
So far we have not been able to obtain 
experimental evidence for the functional 
relevance of these putative β-signals and 
for import of Mmm2 or Uth1 via the SAM 
pathway.
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We agree with Imai et al. that the 
β-signal identified is present in all known 
mitochondrial β-barrel outer membrane 
proteins; however, we disagree with their 
suggestion that we may have reached the 
end of the analysis of eukaryotic β-barrel 
biogenesis. Their theoretical analysis 
likely will miss some β-barrel proteins. 
First, prediction programs that were 
trained on bacterial β-barrel proteins can-
not reliably separate the β-barrel and non-
β-barrel proteins of eukaryotes. Other 
programs for prediction of β-structures 
are mainly based on soluble β-proteins 
and thus are of limited value for trans-
membrane β-barrel proteins. Second, 
Imai et al. limited their analysis to proteins 
that were annotated as mitochondrial in 
databases. Given that databases not only 
include experimentally identified mito-
chondrial proteins but also proteins with 
a predicted mitochondrial location, they 
are biased toward proteins with N-termi-
nal presequences (only those signals can 
be predicted by the available programs). 
Proteomic studies have indicated that 
numerous mitochondrial proteins, includ-
ing β-barrel proteins, do not contain pre-
sequences, thus mitochondrial β-barrel 
proteins that have not yet been identified 
are simply excluded.
Imai et al. correctly note that the pro-
posal of more than 100 yeast mitochon-
drial β-barrel proteins (Wimley, 2003) is a 
clear overestimation. The mitochondrial 
outer membrane contains α-helical and 
β-barrel membrane proteins. Although 
β-barrel proteins like porin and Tom40 are 
highly abundant, the number of α-helical 
proteins likely exceeds that of β-barrel 
proteins. Given that recent proteomic 
studies indicated that the total number 
of resident yeast mitochondrial outer 
membrane proteins is below 100, it is 
evident that the number of β-barrel pro-
teins is significantly lower. As the purified 
β-signal efficiently pulls down its receptor 
(Kutik et al., 2008), purified SAM subunits 
may now be used in experiments to iden-
tify new substrate proteins.
Third, Imai et al. briefly mention that 
mitochondrial β-barrel proteins lack-
ing the β-signal would be missed in their 
analysis. Indeed, some bacterial β-barrel 
proteins do not contain the characteristic 
C-terminal signal (Bos et al., 2007), raising 
interesting implications for the mitochon-
drial situation. Stojanovski et al. (2007) 1160 Cell 135, December 26, 2008 ©2008 Ereported that an α-helical transmembrane 
protein, the receptor Tom22, uses the 
SAM machinery for insertion into the mito-
chondrial outer membrane. Tom22 does 
not contain the β-signal, and thus addi-
tional signals recognized by SAM likely 
exist. Fourth, Imai et al. do not address the 
second eukaryotic organelle of endosym-
biotic origin, the chloroplast (Schleiff and 
Soll, 2005). The predicted β-barrel pro-
teins of chloroplasts fall into two classes, 
the sorting signal being unknown in both. 
Thus, an experimental analysis of β-barrel 
proteins of chloroplasts will likely broaden 
our knowledge of the signals present in 
transmembrane β-barrel proteins.
Regardless of their exact number, 
mitochondrial β-barrel proteins form a 
crucial class of proteins. Of all known 
outer membrane proteins, only three 
are essential for cell viability, the two 
β-barrel proteins Tom40 and Sam50 and 
the α-helical Sam35 that functions as a 
β-signal receptor (Kutik et al., 2008). The 
linear analysis of Imai et al. misses an 
important message of our study, which 
is that the β-signal is a vital tool to char-
acterize the mechanisms of a complex 
protein-sorting pathway. For example, 
the β-signal was used to identify the 
β-signal receptor and to study its inte-
gration into a hydrophilic transport chan-
nel and the subsequent insertion of the 
β-barrel precursors into the lipid phase 
of the mitochondrial outer membrane. 
We would like to emphasize that theoreti-
cal predictions are valuable for screening 
purposes and for generating hypotheses, 
but they cannot be used as the basis for 
claiming that a biological system is com-
plete. The field of protein biogenesis has 
revealed numerous surprises. For exam-
ple, although it was firmly believed that 
all transmembrane proteins of bacterial 
outer membranes are β-barrel proteins 
(also cited in Imai et al.), the elucida-
tion of the structure of an α-helical outer 
membrane protein changed this view 
(Dong et al., 2006). In the case of mito-
chondria, it was assumed that they pos-
sess only two major protein import path-
ways, yet subsequent studies identified 
two further import pathways that are 
essential for cell viability, including the 
β-barrel pathway (Dolezal et al., 2006). 
Recently, the first structure of a mito-
chondrial β-barrel protein, human porin 
(VDAC-1) was solved (Hiller et al., 2008). lsevier Inc.Surprisingly, the structure revealed a 
19-stranded β-barrel, whereas all known 
bacterial β-barrel structures contain an 
even number of strands. It is tempting to 
speculate that barrel topology and inser-
tion machinery coevolved in early mito-
chondria. Intracellular protein-sorting 
pathways show a remarkably high versa-
tility, and the challenge will be to develop 
the concepts and experimental tools for 
elucidation of the molecular mechanisms 
of these pathways.
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